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ABSTRACT
Photosynthesis, an important pathway for plants to accumulate organic
matters, is critical for plant productivity. This process transforms the carbon
dioxide and water into carbohydrates and releases oxygen. However, when the
light intensity is too high, more reactive oxygen species (ROS) is generated in
the photochemical reaction center, leading to the photodamage of plants.
Plants have evolved different photoprotection mechanisms, such as Nonphotochemical Quenching (NPQ), to prevent this damage at the expense of
photosynthetic rate. NPQ converts excess light energy into heat energy and
dissipates it, avoiding damage to plants under excessive light. Overexpression
of photoprotection proteins violaxanthin de-epoxidase (VDE), zeaxanthin
epoxidase (ZEP) and photosystem II subunit S protein (PsbS), should
accelerate the induction and relaxation rate of NPQ, resulting in increased
biomass production. This strategy has previously been reported in dicot species
tobacco (Nicotiana tabacum) with 15% increase in dry weight. This project is
focused on monocot species creeping bentgrass (Agrostis stolonifera L.) to
examine the feasibility of applying the similar strategy in monocot crop plants.
OsaVPZ genes were cloned from rice (Oryza sativa), then introduced into
creeping bentgrass to generate overexpression transgenic plants to study
whether the same mechanism of photoprotection can be triggered and to
explore possible biological roles of these genes in plant stress regulation. Our
preliminary experimental results revealed inhibited plant development in
OsaVPZ lines grown under 400 μmol m-2s-1 photosynthetically active radiation
(PAR), and this suppression in plant development was mitigated when PAR
ii

reached at 700 μmol m-2s-1. Transgenic plants also exhibited significantly higher
drought resistance and faster recovery from salinity stress than wild type
controls. Further characterization of the transgenic plants would reveal whether
the rapid decline of NPQ process would reduce energy dissipation to increase
plant productivity, and allow a better understanding of the function of these
three genes involved in osmotic stress.
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CHAPTER ONE

LITERATURE REVIEW

1

Plant photosynthesis
Plant growth and development is a complex biological process which is
affected by several key factors, like water, light, nutrients and temperature.
Changing any of these elements may cause plant's growth stunts. Among these
factors, light plays a vital role in stimulating plant growth. Light is the foundation
of all plant life activities involved in almost every aspect of plant growth and
development. Plants can generate carbohydrates by using CO 2 and H2O with
light through photosynthesis, and this process is the only way to create primary
production in the biosphere (Van et al., 2008). Photosynthesis is a complex
biochemical process. It can be divided into two parts, energy material
generation driven by electron transportation with proton gradient in thylakoid
membrane, and Calvin cycle to assimilate absorbed CO2 (Renger et al., 2007).
Over the past decades, efforts have mainly been made to decrease the loss of
plant yield by minimizing abiotic stress and pest disaster. However,
photosynthesis is a factor that has always been overlooked (Long et al., 2015).
The light energy captured by plants will be dissipated in three ways: chlorophyll
fluorescence, photochemical reaction, and heat (Baker et al. 2008). As the
location of photosynthesis, chloroplast is a cyclic porphyrin structure with Mg +
as the center (Mauzerall et al., 1977). This cyclic carbon skeleton structure can
absorb photons and make one electron of Mg+ transition, bringing chlorophyll
into an excited state. This electron will transfer among chlorophylls and finally
be accepted by the light reaction centers. In addition to the energy needed for
photosynthesis, part of the remaining energy cannot be absorbed by the
receptor, which causes the chlorophyll molecules to release the photons and
2

fluoresce spontaneously, called chlorophyll fluorescence. This can make
chlorophyll molecules in an excited state return to a stable ground state.
Chlorophyll fluorescence can reflect the chlorophyll status and indicate
photosynthesis efficiency, which is considered to be an important index in
ecophysiology (Lichtenthaler et al., 1986). When a light harvest antenna
receives the light signal, photosystem II (PSII) located in the chloroplast stroma
would first change into the excited state and free an electron. This electron
transition will trigger the photosystem I (PSI) to be excited, and then the
photophosphorylation occurs to synthesize ATP and NADPH driven by proton
gradient (Boyer et al., 1977). When under low light conditions, plants can use
the light energy as much as possible for photochemical reactions. Nevertheless,
when the light energy is too high, the received proton will exceed the maximum
limit of electronic transmission in plant photosystem. In this case, plants will
limit the absorption of light energy, decrease the photosynthesis rate, or even
cause photooxidative damage (Gao et al. 2010).
Reactive oxygen species (ROS)
During electron transfer in chlorophyll, the free electron may be
transferred into molecular oxygen, generating toxic reactive oxygen species
(ROS). These ROS species include superoxide anion (O2-), hydroxide ion (OH-),
hydroxyl radical (OH) and hydrogen peroxide (H2O2). Excessive ROS will attack
protein amino acid residues and inactivate some metal-containing enzymes in
plants (Asada et al., 1987). When plants are irradiated with light, some of the
chlorophylls will change into triplet excited state, either because of the excess
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energy in photosynthesis or recombination of electrons. The ground-state
oxygen (3O2) can react with 3Chl to synthesize single-state oxygen (1O2) or
H2O2, leading to membrane lipid peroxidation, base mutations, DNA strand
breakage and protein damage, even activated programmed cell death (Asada
et al., 1994). Normally, ROS levels in plants will be suppressed to a low level
by several scavenging mechanisms. A moderate amount of ROS can act as
signal molecules to participate in plant disease-resistant defense reactions or
interact with genetic, hormones and external signals to promote plant
development (Huang et al., 2019). When plants are under high intensity light,
more electrons will be generated in chloroplast and the NADP will be undersupplied. These excessed electrons will leak from both PSI and PSII, reducing
O2 to 1O2 through Mehler reaction, and generate superfluous toxic ROS (Asada
et al., 1987). These ROS will lead to photosystem oxidation and inactivation,
thereby causing plant photoinhibition (Murata et al., 2010). The accompanying
photooxidation will damage photosystem structure and function, and most of
them are irreversible.
Abiotic stress and photoinhibition
Abiotic stress is another factor that will damage plants and is closely
connected with plant photosynthesis rate. Plants cannot choose where they live
or escape the hostile environment; they have to constantly respond to stress
during their growth (Huang et al., 2019). Among major crops yield loss annually
in the world, biotic stress (pest and plant diseases) only accounts for 20%, but
abiotic stresses account for over 50% (Valliyodan et al., 2006). Abiotic stress is
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ubiquitous in nature, including water, salt, temperature and heavy metal stress.
As a common abiotic stress, salinity stress can cause cell dehydration, reduce
soil osmotic potential, and then impede the absorption of nutrients, interfering
with various metabolic activities (Capula-Rodríguez et al., 2016). Drought will
damage the protoplasts and cell walls, affect the biomembrane system, lead to
stomatal aperture and decrease and losses in photosynthesis rate (Anwar et
al., 2020). Both drought and salinity are osmotic stresses, which would cause
water deficiency in plants, inhibited plant development and metabolism
activities. Plant response to stress is a complex process including several
stages. First of all, the changes in the environment will be sensed by plants to
generate stress signals, and then the signal can be transmitted among plant
tissues, triggering regulation of genes expression and the synthesis of a series
of compounds to help plants repair or achieve metabolic balance (Teng et al.,
2011).
Furthermore, because of the climate change, increasingly more adverse
situations have occurred, and multiple stresses would affect plants
simultaneously, intensifying the damaging degree (Lohani et al., 2020). So,
even though light is the direct factor of photoinhibition occurring in plants, these
additional abiotic stresses can further damage plant photosystems, reduce light
saturation point and plant utilization efficacy of light energy, thus aggravating
the occurrence of photoinhibition. When plants suffer from abiotic stress, even
low light intensity can also cause photoinhibition (Nishiyama et al., 2014; Wang
et al., 2017).

5

Photoinhibition occurs frequently in nature. When the light energy
received

by

the

photosynthetic

apparatus

exceeds

the

amount

of

photosynthesis needed, plants will reduce the absorption of light energy to
avoid potential damage. This will result in a decrease in the conversion
efficiency of light energy in plants. The determination of the maximum quantum
efficiency of photosynthetic oxygen evolution has revealed that more than 80%
of photons absorbed by photosynthetic apparatus are utilized when plants are
under 100 μmolm-

2

s-

1

light intensity. However, when the light intensity

increases to about 1000 μmolm- 2 s- 1, the utilization rate goes down to 25%;
when the maximum light intensity of 2000 μmolm- 2 s- 1 is reached, the utilization
rate is only 10% left (Björkman et al., 1987). Thus, if plants are exposed to
strong light intensity, especially under abiotic stress, the carbon assimilation
would be seriously inhibited (Bongi et al., 1987). This effect is mainly reflected
by decreased photochemical efficiency and photosynthetic efficiency in PSII
(Havaux et al., 2004). Recent experiments revealed that the PSI is more likely
to show photoinhibition induced by low light. When photoinhibition occurs in
PSII, most electrons cannot be transferred to PSI, reducing the reductive
pressure of PSI (Inoue et al., 1989). That may be the reason why PSI has
always been neglected in the study of photoinhibition.
Photoprotection and xanthophyll cycle
To prevent photooxidation damage and maximize light energy utilization,
plants evolved the ability to adjust themselves to adapt to current light
conditions (Murata et al., 2007). Most photoprotection mechanisms reduce the
6

absorption of light energy by chloroplast movement, decrease the antenna
pigment content, or change leaf morphology (Powles et al., 1984). While the
light intensity is exorbitant, the excessed energy would be dissipated through
heat to avoid the photosystem damage. This process is called nonphotochemical quenching (NPQ), a photoprotection mechanism widely exists
in higher plants and green algae (Murata et al., 2007). Usually, the NPQ
process can be induced in a few seconds when plants are exposed to high light
intensity, so it is an effective strategy to dispose of sudden light increase in
natural condition. Heat dissipation in higher plants often occurs in lightharvesting complexes in the photosystem, accompanied by the structural
change of photosynthetic antenna complexes (Asada et al., 2006). To conduct
the NPQ process, the xanthophyll including violaxanthin, antheraxanthin and
zeaxanthin

play

essential

roles.

During

photophosphorylation,

plants

synthesize ATP and NADPH based on proton gradient across thylakoid
membrane, and proton will accumulate in thylakoid lumen by photolysis and
cytochrome b6f transfer (Asada et al., 2006). More protons would generate and
accumulate in thylakoid lumen with a strong light intensity, decreasing the
lumen pH and acidizing the thylakoid membrane to activate the violaxanthin deepoxidase (VDE), which then will catalyze violaxanthin conversion to deepoxidized

zeaxanthin

through

intermediate

product

antheraxanthin.

Accumulation of zeaxanthin on the thylakoid membrane can induce NPQ
process (Zhao et al., 2016). When light intensity decreases, the protons reduce,
and the thylakoid lumen pH increases, the zeaxanthin will be cyclized to
violaxanthin by zeaxanthin epoxidase (ZEP), relaxing NPQ process (Demmig7

Adams et al., 1993). This complete cycle is called the xanthophyll cycle, and
plant photosynthesis rate will be affected until NPQ is totally relaxed.
Zeaxanthin, barely observable in plants grown under optimum conditions, is
crucial to assist plant resistance to stress (Havaux et al., 2004). Zeaxanthin has
a different spatial structure than violaxanthin, which can decrease the fluidity of
thylakoid membrane, stabilize the PSII complex by curing the membrane, and
consequently aggregating chlorophyll and zeaxanthin (Havaux et al., 2004).
Compared with the nine conjugated double bonds in violaxanthin, zeaxanthin
has eleven conjugated carbon-carbon double bonds (Horton et al., 1999). The
molecular structure determines that ZEP has a lower energy state than VDE
and has the potential to obtain energy from excited chlorophyll and dissipate it
in the form of heat energy (Demmig-Adams et al., 1996). By NPQ process,
zeaxanthin can dredge excess energy, reduce ROS production to protect
thylakoid membrane lipids from oxidative damage (Johnson et al., 2007).
VDE is a hydrolase, mainly located in higher plant's thylakoid lumen
(Hager et al. 1994). The cDNA of VDE, encoding 473 amino acids, was first
cloned from lettuce and expressed in E. coli (Bugos et al., 1996). Comparison
of VDEs from different species like tobacco or Arabidopsis reveals that they
have three highly conserved structural regions: (1) Cysteine-rich region at the
end of N-terminal; (2) Lipid transporter signaling region in the middle and (3)
Glutamate-rich regions at C-terminal (Bugos et al., 1996). The expression of
VDE gene is greatly affected by the environment and the highest expression is
found in mature leaves of the plants, mainly concentrated in the photosynthetic
complex, while the lowest expression level was found in the root and fruits (Li,
8

2013). The optimum pH of VDE in vitro chloroplasts is 4.8. Unlike the VDE gene,
the ZEP gene constitutively expresses in plant roots, leaves, stems, flowers and
fruits, and is not affected by temperature or light intensity (Wang et al., 2008).
The activity of ZEP is mainly related to NADPH concentration, O2, light and
thylakoid lumen pH, and it can always remain active (Eskling et al., 1997).
Therefore, the accumulation of zeaxanthin in plants mainly depends on the
activity of VDE, which is an important index to evaluate xanthophyll cycle status.
When plants are subjected to stress, VDE and ZEP genes respond
quickly to the environment. The light intensity will increase the NPQ level and
the xanthophyll cycle de-epoxidation state (DES) but lower the maximum
potential quantum efficiency of Photosystem II (Fv/Fm) and net photosynthetic
rate (Pn). This phenomenon is particularly obvious in plants overexpressing
VDE and ZEP genes (Gao et al., 2010). This indicated that the higher NPQ
level could help plants dissipate more energy when under high light intensity,
which means a higher potential for VDE and ZEP overexpression plants to
protect their photosynthetic organ (North et al., 2005). In addition, ZEP is also
an essential precursor in plant abscisic acid (ABA) biosynthesis pathway, and
ABA is an important plant growth regulating agent involved in plant stress
response and plant development (Xiong et al., 2003). The ABA content of the
xylem sap of the transgenic plants with low ZEP expression is also significantly
lower than that of the wild type (WT) controls, and increases with the decrease
of the plant relative water content (Borel et al., 2001). Also, Guan et al.
proposed that endogenous ABA participates in the positive feedback regulation
of LcVDE gene expression, which reduces the damage level of the VDE
9

overexpression plants under drought stress. At the same time, the
corresponding VDE expression level is consistent with the change in ABA level
(Guan et al., 2015). All these prove that the xanthophyll cycle can affect the
synthesis of ABA in plants, thereby regulating the stress resistance of plants.
The other part involved in plant heat dissipation is PSII subunit S (PsbS)
protein, located in Light-harvesting Complex Ⅱ (LHCⅡ). The PsbS protein
encoded by a nuclear gene contains 205 amino acid residues and has a
molecular weight of 22 kDa (Fan et al., 2015). While the DES of the xanthophyll
cycle can regulate the protons affinity of LHC Ⅱ, PsbS protein has also been
proven to increase the fluidity of thylakoid membrane and to reduce the order
of protein, thereby accelerating the recombination and aggregation of LHC Ⅱ
(Li et al., 2014). As the pH sensor in thylakoid lumen, PsbS protein may be
protonated in the region exposed in the acidic condition, and therefore
catalyzing the LHC Ⅱ conformational change and then activating NPQ (Betterle
et al., 2009). PsbS mutant Arabidopsis exhibited lower NPQ levels in previous
studies, while PsbS overexpression plants displayed a proportional increase in
NPQ levels (Li et al., 2000). The LHC Ⅱ conformational change is the structural
foundation of heat dissipation because heat dissipation mainly occurs in LHCⅡ
of the PSII, instead of the light reaction center of the PSII, which provides a
more persuading evidence demonstrating the important function of the PsbS
protein in NPQ process (Goss et al, 2015). PsbS protein contains two glutamate
residues (Glu-122 and Glu-226), which would be targeted for protonation when
thylakoid lumen is acidized and prompts the LHC Ⅱ conformational change into
a non-photochemical quenching state. The high light intensity will first induce
10

proton gradients across thylakoid membranes, causing LCH Ⅱ protonation and
violaxanthin de-epoxidation to zeaxanthin. Zeaxanthin accumulates and binds
to LHC Ⅱ, making conformational change of the LHC Ⅱ into the quenching state;
in the meantime, PsbS protein increases the thylakoid membrane mobility,
further promoting the interconversion of LCH Ⅱ conformations, and thus
implementing heat dissipation (Horton et al., 2014). Combined with the
xanthophyll cycle and PsbS protein, plants have evolved a unique
photoprotective strategy to respond to these egregious stresses.
However, light is a highly fluctuant resource in nature due to the weather
or planting density. Plant photosynthesis system can hardly deal with the rapidly
changing light intensity because the photosynthetic responses to light are not
instantaneous. This will cause a decrease in CO2 fixation and crop productivity
(Slattery et al., 2018).
Up to now, the experimental data have revealed that by overexpression
VDE, ZEP and PsbS gene in Nicotiana (tobacco), the induction and relaxation
of NPQ in transgenic plants could lead to an increase of about 15% dry weight
compared with WT controls under field conditions (Kromdijk et al., 2016). And
also, PsbS mutated rice shows higher sensitivity to photoinhibition illumination
and generates more superoxide and hydrogen peroxide products than WT
controls (Zulfugarov et al., 2014). Moreover, overexpression of the AtZEP gene
in Arabidopsis thaliana led to enhanced stress resistance when treated with
drought and salt (Park et al., 2008), and the ChVDE overexpression
Arabidopsis has an increased photosynthesis rate and respiration rate with
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higher chlorophyll levels and more vigorous root growth than WT controls under
drought and salt stress (Sun et al., 2019). However, these experiments focused
on dicots to assess the impact of individual NPQ involved genes on plant abiotic
stress response, or study altered plant biomass accumulation by accelerating
the relaxation speed of photoprotection. To investigate whether the same
mechanism can be triggered in monocot crop species, we generated OsaVPZ
overexpression transgenic lines in an important perennial grass, creeping
bentgrass (Agrostis stolonifera L.), and studied the potential function of these
genes in plant development and stress response.
Creeping bentgrass (Agrostis stolonifera L.)
Creeping bentgrass is a monocot Poaceae plant commonly used as golf
course turf, and widely distributed in the temperate regions of Eurasia and North
America. It is a cool-season grass species highly stoloniferous, with thin leaves
and pointed leaf tips (Warnke et al., 2003). It can quickly form the lawn because
the stoloniferous growth habit, combined with the ability to adapt to different soil
types, making it an economically high-valued species in the field of lawn grass
and pasture. Creeping bentgrass can adapt to areas with cool, humid climates
but lacks the resistance to osmotic stress. So, it is crucial to modify plants to
better adapt to stress like drought and salinity conditions. Here we present
results in production and analysis of the transgenic creeping bentgrass
overexpressing OsaVDE, OsaZEP and OsaPsbS (OsaVPZ) genes to explore
whether accelerating the xanthophyll cycle can alter plant growth and
development and impact plants resistance to osmotic stress.
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CHAPTER TWO
OVEREXPRESSION OF NON-PHOTOCHEMICAL QUENCHING (NPQ)
RELATED GENES ALTERS PLANT DEVELOPMENT AND
ENHANCES PLANT OSMOTIC STRESS RESISTANCE
IN CREEPING BENTGRASS

13

Introduction
Food demand has always been a global problem. With world population
growth and biofuel requirement increasing, modern agriculture needs to
withstand tremendous pressure. This will inevitably cause a greater burden on
the existing cultivated land (Ort et al., 2015). It is therefore critical to genetically
improve crops for significantly enhanced nutritional quality and productivity.
Even though the current research has focused more on the efficiency of
photosynthesis, abiotic stress is still the most important reason leading to
reduced plant yields in most parts of the world. According to the analysis, major
crops in the U.S. have huge opportunities to increase yields in unfavorable
environments (Boyer, 1982).
Plant photosynthesis can absorb light energy to produce carbohydrates,
which is an important part of the carbon-oxygen cycle on the earth (Badger,
1985). Light is inseparable to plant growth. With the increase of light intensity,
the photosynthetic efficiency of plants also increases (Bohning et al., 1956).
However, there is an upper limit to the photosynthetic efficiency of plants. High
light

intensity will trigger plant

photoprotection mechanism, causing

photoinhibition and decreasing plant photosynthetic efficiency. More research
is now focusing on photoprotection mechanisms in an effort of increasing plant
yields by accelerating recovery from photoinhibition or reducing its degree. But
in nature, the photosynthetic efficiency of plants is affected by many factors,
especially abiotic stress. It will damage plant photosystem and force the plant
into the photoinhibition state even at the appropriate light intensity.
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In order to respond to environmental changes, plants have their own
unique signaling pathways, including ABA-dependent pathway and ABAindependent pathway (Finkelstein et al., 2002). Both pathways will transmit
signals to downstream genes, activate the corresponding genes to maintain the
homeostasis in plant cells, and enhance the plant's ability to resist. These stress
responsive gene products include regulatory proteins and functional proteins
(Liu et al., 2014). The former consists of transcription factors, protein kinases
and phosphatases, which can help regulate the expression of other genes; the
latter has direct effects, such as removing reactive oxygen species, maintaining
cell osmotic pressure and protecting the structure of biomolecules to relieve
stress (Tran et al., 2007).
Non-photochemical quenching (NPQ) is one of the photoprotection
mechanisms. NPQ mediates the mutual transformation of zeaxanthin and
violaxanthin to dissipate excess light energy in PSII in the form of heat energy,
thereby reducing plant photodamage. By overexpression of NPQ-related genes
OsaVPZ, the transgenic tobacco showed faster NPQ induction and relaxation
rates and higher biomass accumulation (Kromdijk et al., 2016). Since these
genes are highly conserved in different plant species, this may be a general
strategy to increase the yield of different crops. As Zeaxanthin and Violaxanthin
are common precursors in endogenous ABA biosynthesis pathway, their
abundance may have positive correlations with plant ABA level. Therefore,
overexpression of the OsaVPZ genes may also increase plant resistance to
abiotic stress, and regulated expression of OsaVPZ genes would also provide
information for a better understand of the function of xanthophyll cycle and NPQ
15

process in photosynthesis and abiotic stress resistance.
To date, there have not been many related studies on the impact of NPQ
on plant production, and the main target plants have all been dicot species such
as tobacco, Arabidopsis thaliana and Lycium chinense (Kromdijk et al, 2016;
Park et al., 2008; Sun et al., 2019), and the data obtained are inconsistent. The
objective of this research is to study whether the same strategy can also be
applied to important monocot crop species for enhanced production, and how
it would function to impact plant growth and response to stress while plants are
subjected to environmental adversities. We have cloned OsaVPZ genes from
rice (Oryza sativa) for overexpression in creeping bentgrass (Agrostis
stolonifera L.), an important monocot grass species. The experimental results
revealed that overexpression of the OsaVPZ genes leads to inhibited plant
development, especially plant root growth and stem elongation, consistent with
the observation in Arabidopsis (Garcia-Molina et al., 2020). OsaVPZ transgenic
plants are more susceptible to low light and exhibit significantly enhanced
drought tolerance and better plant recovery from salt stress.
Materials and methods
Plasmid construction
A 1695bp open reading frame (ORF) of OsaVDE were amplified from
rice leaf complementary DNA (cDNA) with BglII added on both sides and ligated
into pGEM-T Easy vector (Promega). The same procedure was applied for
2362bp ORF of OsaZEP with BglII added on both sides and 1121bp ORF of
OsaPsbS with BamHI added on both sides. Each gene cassette was cut with
16

respective enzyme and ligated into the corresponding site of binary vector
pSBbarB#5 by sticky ends, generated overexpression chimeric gene construct
pHL1017 plasmid. As shown in Figure 1a, OsaVPZ genes are driven by the
cauliflower mosaic virus 35S (CaMV 35S) promoter, including the herbicide
resistance gene bar, which functions as a selectable marker. The construct was
transferred into Agrobacterium tumefaciens LBA4404 through electroporation.
Plant Tissue Culture and Transgenic Plant Regeneration
The creeping bentgrass (Agrostis stolonifera L.) Penn A-4 seeds were
first sterilized with diluted 10 percent Clorox® Disinfecting Bleach (Clorox
Chemical Company, Oakland, CA, USA) for 30 mins and then washed with
ddH2O, transferred into MMSG medium (shown in Appendix) to generated
embryogenic callus. The callus was cut into 2mm*2mm pieces and transferred
into CM-Turf medium (shown in Appendix) overnight. The Agrobacterium
contains pHL1017 plasmid was inoculated into YEP medium (shown in
Appendix) with spectinomycin and shook at 28℃ overnight. The incubation
solution was centrifuged and resuspended into 15 ml AAM. 10μl suspension
liquid was dropwise added to each callus cut before and kept away from light
for three days. The infected callus was then transferred into MMSG medium
contains selectable marker for selection and cultivation. The survived callus
was then transferred into the regeneration medium to regenerate green
seedlings. The rooted seedling was then moved into mixed soil.
Plant propagation, maintenance and stress treatment
The regenerated plants were maintained in a growth room with 16 hours
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of light followed by 8 hours dark, defined as normal condition. The temperature
was 25℃ during the light period and 17℃ during the dark period. The growth
room illumination was 350-450 μmolm-2s-1 at canopy height with halide lamps
(Maryland Hydroponics, Laurel, MD, USA). 0.05% herbicide was sprayed for
preliminary verification. Five single tillers from each plant were clonally
propagated into pure silica sand in small cone-tainers (4.0×20.3 cm,
Stuewe&Sons, Tangent Oregon, OR, USA) for the following experiments. All
plants were watered with 200 ppm 20-10-20 fertilizer solution every two days.
To ensure the growth is consistent, clipping and trimming were performed every
two weeks. To better evaluated OsaVPZ genes function in plant development,
we analyzed plant development start with a single tiller in the small cone-tainer.
The quantitative data of plant morphology was recorded every five weeks.
Plants were subjected to abiotic stress after ten weeks of growth in the
growth room. For the different light intensity treatment, the plants were divided
into two groups treated with different light intensities. One group was exposed
to natural light in greenhouse, and the measured light irradiance was 700
µmolm-2s-1 (PAR), defined as high light intensity. The other group was covered
by blackout fabric, and the light irradiance was 200 µmolm-2s-1 (PAR), defined
as low light intensity. After 2-3 weeks of treatment, the grass stem and root
were cut and used for physiology analysis. For the drought treatment, the plants
were treated with water withhold for four days. Then the samples were collected
from treated plants for physiology analysis. For the salinity treatment, the plants
were watered every day with fertilizer solution supplemented with 150 mM NaCl
for 2-3 weeks. Then the plants' samples were collected after treatment. To test
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plant recovery from salt stress, 200 ppm fertilizer solution was used to water a
set of salt-treated plants for two weeks. All the stress experiments except the
high light intensity group were performed in the growth room and the conditions
were mentioned before.
Plant DNA and RNA extraction, molecular analysis
The cetyltrimethylammonium bromide (CTAB) method was used for
plant genomic DNA extraction (Luo et al., 1995). Inserted genes were first
verified by PCR with a 0.44 kb fragment of bar gene by using BarF and BarR
primers (shown in Appendix). Moreover, three specific genes were amplified
with the specific primers of each gene (shown in Appendix). PCR production
was fractionated by electrophoresis on 0.8% (w/v) agarose gel.
Plant total RNA was extracted by Trizol (Invitrogen, Carlsbad, CA, USA)
method (Li et al., 2009). 0.1g fresh leaves were ground into powder with liquid
nitrogen and then treated with 1ml Trizol. After 400μl chloroform was added,
the supernatant was extracted and an equal volume of isopropanol was added.
After 10 minutes of incubation at room temperature, the solution was
centrifuged, and RNA pellet showed up. 1ml 75% ethanol was used to wash
the RNA pellet twice. The remaining ethanol was removed, and RNA was
dissolved in 10μl DEPC treated water and stored at -80℃.
To construct the cDNA library, plant RNA was first treated with RNasefree DNase I (Invitrogen). Then 1 μg DNase treated RNA was incubated with
2μl 50μM Oligo-22dT, 1μl 10 mM dNTPs, 2μl 10X M-MuLV buffer, 1μl M-MuLV
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RT (200U/μl) and 0.2μl RNase Inhibitor (40U/μl) at 42℃ for 1 hour, and stopped
the reaction at 65℃ for 20 minutes.

Measurement of Physiological Parameters
Leaf Electrolyte Leakage
Electrolyte Leakage (EL) was measured before and after stress
treatment. Fresh leaf segments (0.2-0.5g) from each sample were cut into
pieces and immersed into 20ml deionized water for 16h at 4℃, measured the
incubation solution as initial conductance (Ci) using a conductance meter (AB30,
Fisher Scientific, Suwanee, GA, USA). Then the solution was autoclaved for 30
min and shook for 24h, measured the conductance as Cmax. EL is calculated as
(Ci/Cmax) *100% (Li et al., 2009), reflecting the comparison between the number
of ions released from the cell after treatment and the maximum amount of ions
in the plant cell.
Leaf Relative Water Content
For Relative Water Content (RWC), the fresh leaves’ weight was
recorded right after cut as FW. Then the leaves were immersed into deionized
water for 16h at 4℃, measured the turgid weight as TW. After that, the leaves
were dried in the oven at 80℃ for 24h, then weighed and record as DW. The
relative water content was calculated as RWC = [(FW - DW)/ (TW - DW)] * 100%
(Li et al., 2009).
20

Proline Content
0.1g fresh leaves from each sample were ground into homogenate with
2ml 3% sulphosalicylic acid. 200μl homogenate was transferred into a 2ml
centrifuge tube. Then 200ml of acid ninhydrin and glacial acetic acid were
added to react for 60min at 100℃. After the water bath, the tube was transferred
into ice to terminate the reaction, then 1ml toluene was added for extraction.
The mixture was vortexed, and the toluene layer was taken to do the
absorbance analysis at 520nm, by using Thermo Spectronic BioMate 3
(Thermo Electron Corp, Waltham, MA, USA). The absorbance reading was
calculated with a standard proline curve prepared before. The proline content
is calculated as: μg proline/g FW = 0.0225(OD520)- 0.0189.
Chlorophyll Content
0.1g fresh leaves were first cut into pieces and ground with 10ml 85%
acetone for 5 minutes, then transferred the homogenate into 15ml Falcon tube,
centrifuged at 3000g for 15min. Transferred the supernatant to a new Falcon
tube and made up the volume to 10ml with 85% acetone. Then the solution was
subject to measure the absorbance at 663nm and 644nm using Thermo
Spectronic BioMate 3 (Thermo Electron Corp, Waltham, MA, USA). Recorded
the reading and used the equation to calculate the concentration of chlorophyll
a and chlorophyll b.
Chlorophyll a mg/g FW = 1.07*(OD663)- 0.094*(OD644),
Chlorophyll b mg/g FW =1.77*(OD644)-0.280*(OD663).
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Photosynthesis Rate and Stomatal Conductance Measurement
Photosynthesis rate and stomatal conductance are both important
indexes for plant development. Since creeping bentgrass leaves are narrow, a
cluster of leaves was put uniformly into the 1cm2 leaf chamber of LI-6800
Portable Photosynthesis System (LI-COR Biosciences, Lincoln, NE, USA) to
do the measurement. Both parameters were measured under 2000 μmol m-2 s1

light intensity and 400ppm CO2 concentration for 5 minutes, then recorded the

steady reading.
Results
OsaVPZ overexpression plant generation and molecular analysis
The Agrobacterium-mediated plant transformation was conducted to
transfer OsaVPZ overexpression chimeric gene construct into Creeping
bentgrass Penn A-4 (HybriGene). The CaMV35S promoter was used to drive
constitutive expression of all these genes and the bar gene was included as a
selectable marker for herbicide resistance (Fig. 1a). The regenerated potential
transgenic (TG) plants were sprayed with herbicide for further selection and
plants from five individual transformation events survived. PCR amplification of
the bar gene using genomic DNAs from these plants as templates confirmed
the transgene integration into the host genome (Fig.1b). We also tested the
plant genomic DNAs with specific target gene primers and all plants examined
showed clear PCR bands for the three OsaVPZ genes (Fig.1c). The
amplification of the three OsaVPZ genes in wild type (WT) controls suggests
their high conservation in gene sequence in different plant species. We also
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investigated the target gene expression using semi-quantitative RT-PCR with
25 cycles and observed significantly higher expression of all three OsaVPZ
genes in the five transgenic lines than in wild type controls (Fig. 1d).

Fig.1. Molecular analysis of creeping bentgrass transgenic (TG) plants
overexpressing OsaVDE, OsaZEP and OsaPsbS genes. (a) The
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schematic map of OsaVPZ overexpression chimeric gene construct,
p35S-bar/p35S-OsaZEP/p35S-OsaVDE/p35S-OsaPsbS. VDE, ZEP
and PsbS genes are all driven by CaMV 35S promoter and linked with
a

CaMV35S-driven

herbicide

resistance

gene,

bar.

(b)

Gel

electrophoresis results showing bar gene amplification by PCR with
genomic DNAs from wild type (WT) and TG plants. PCR amplification
of the bar gene from the plasmid DNA of the chimeric gene construct
in (a) was used as a positive control. (c) PCR amplification of the three
ZEP genes in WT plants and TG lines using genomic DNAs extracted
from fresh leaves. (d) Expression analysis of the three ZEP genes by
semi-quantitative RT-PCR using total RNA extracted from WT and TG
plants. AsActin gene was used as an internal control.
Overexpression of OsaVPZ genes inhibited plant development
Four of the five transgenic plants were clonally propagated for further
analysis. Five tillers of the similar size from each transgenic line and wild type
control were used for cultivation in the growth room for ten weeks to determine
the phenotypic impact of the OsaVPZ genes. TG plants exhibited an impaired
growth with less tillers and pale green leaf color (Fig. 2a). We then set up a
single-tiller experiment to more accurately measure the morphological
difference between WT and TG plants. TG lines showed significantly less
growth vigor (Fig. 2b) with a shorter stem length (Fig. 2e and 2k) and less tiller
numbers than WT controls (Fig. 2i). This difference was not apparent for all the
TG lines in the early stage (5 weeks), but became significant in a later stage at
10 weeks. The leaves of the TG lines were shorter than WT controls, but the
difference was not statistically significant (Fig. 2d, 2g). Except TG 1 whose
leaves are narrower than WT controls, the leaf width of the TG plants did not
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show significant difference from that of the WT controls (Fig. 2d, 2m). In the
early stage (5 weeks), all TG plants had shorter and sparse roots than WT
controls, but this difference became insignificant after 10 weeks of growth
(Figure 2f, 2h). However, TG plants have significantly less root biomass (both
fresh and dry weights) than WT controls (Fig. 2n). The most obvious difference
between TG and WT plants is reflected in the internodes of the plants (Fig. 2c).
TG plants have more internodes per tiller with a shorter average internode
length (Fig. 2l, 2j), resulting in a lighter shoot biomass (both fresh and dry
weights) than WT controls (Fig. 2o).
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Fig. 2. Difference in development between wild type (WT) and
transgenic (TG) plants under normal condition. (a) Ten-week-old plants
originating from five tillers in each cone-tainer and grown under normal
condition. (b) Ten-week-old plants originating from a single tiller in each
cone-tainer with pure silicon sand and grown under normal condition.
(c) All internodes of a representative longest tiller were cut from top to
bottom and displayed in order from left to right. (d) Representative top
leaves from the longest tillers of TG and WT plants. (e) The longest
tillers from WT and TG lines. (f) The roots from TG and WT plants after
ten weeks of growth. (g)-(m) Statistical analysis of plant morphology
parameters between WT and TG plants grown in sand in a growth room
under normal condition for ten weeks. All the parameters were
measured every 5 weeks. (n) and (o) Statistical analysis of root and
shoot biomass (fresh and dry weights) of the 10-week-old TG and WT
plants developed from a single tiller. Dry weight was measured 24h
after incubation in an oven at 80℃. Data are presented as means of 4
biological repeats, error bars represent ±SD, asterisks stand for a
significant difference between WT and TG plants at * P < 0.05, ** P <
0.01 and *** P < 0.001 by student's t-test.
Overexpression of OsaVPZ genes in creeping bentgrass alters plant
adjustments in photosynthesis under different light intensities
To study how OsaVPZ overexpression regulates plant response to light
intensities, TG and wild type plants each developing from 5 tillers of similar size
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for ten weeks under normal condition in growth room [400 µmolm -2s-1
Photosynthetic Active Radiation (PAR) with sodium/halide lamps] were
subjected to high light (700 µmolm-2s-1 PAR) and low light (200 µmolm-2s-1 PAR)
treatments. The plants in both treatments were watered with 200ppm watersoluble fertilizer every two days and the plant growth status was recorded by
photographing during treatment at different stages. As shown in Fig. 3, TG lines
exhibited significantly better growth under high light intensity (fully natural light)
(Fig. 3a) than under low light intensity (Fig. 3b). Under the former condition, TG
plants exhibited a more vigorous growth than WT controls at both 5 and 18 days
of treatments (Fig. 3a), whereas under latter condition, TG lines grew poorly
and appeared unhealthy with fading pale-color leaves compared to WT controls
(Fig. 3b). As time goes on, the TG leaves started to curl at the edge and
withered and dead gray leaves could be observed 18 days after treatment (Fig.
3b).
The total chlorophyll content is closely related to the photosynthetic
efficiency of plants, and therefore an important index to estimate the plant
growth condition. Under normal growth condition (400 µmolm-2s-1 PAR), two of
the four TG lines showed significantly lower chlorophyll content than WT
controls (Fig. 3c). When subjected to high light (700 µmolm-2s-1 PAR), the total
chlorophyll contents went up in both TG lines and WT controls with more
significant increase in TG lines. As a result, there was no significant difference
between TG and WT control plants (Fig. 3c). Significant less chlorophyll
contents were observed in three of the four TG lines than in WT controls
eighteen days after low light treatment (200 µmolm-2s-1 PAR). Interestingly, the
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WT chlorophyll content increased slightly under low light condition compared
with that under high light condition. Plants have evolved to enhance unit leaf
area chlorophyll production to improve the light absorbing and supplementing
ability adapting to the weak light environment. This phenomenon has also been
observed in Bidens Pilosa grown under shaded condition (YE et al., 2009).
However, the OsaVPZ transgenic plants appeared to exhibit an altered
chlorophyll biosynthesis responding to low light stress (Fig. 3c).
To further investigate the potential impact of NPQ-related OsaVPZ
genes on plant development, we measured plant photosynthesis rate as a
parameter to evaluate plant growth under different light intensities. Plant
photosynthesis rate is a complex variable related to environmental factors such
as light intensity and intercellular carbon dioxide concentration, as well as
chlorophyll concentration and plant NPQ level (ŠestÁk et al., 1962; Johannes
et al., 2016). Under both normal and low light conditions, plant photosynthesis
rates did not show much difference between TG and WT control plants except
TG 1 showing only half as much photosynthesis rate as others under normal
light condition (Fig. 3d). It should be noted that overall, the plant photosynthesis
rate under the low light condition is the lowest among three different light
intensities. When subjected to high intensity light, plants have the highest
photosynthesis. However, the TG photosynthesis rate, similar in all the lines
tested and increased by 50% compared with that under low light intensity, was
significantly lower than that in WT controls. These results indicated that
compared with the WT controls, the high light intensity caused a decrease in
TG photosynthesis rate, which was not observed under low light and normal
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light conditions.

Fig. 3. Comparison of plant development and physiological parameters
between wildtype (WT) and transgenic plants (TG) under different light
intensities. (a) Ten-week-old plants developed in growth room with
normal light intensity of 400 μmol m-2s-1 PAR were subjected to high
light intensity (left) of 700 μmol m-2s-1 PAR or low light intensity (right)
of 200 PAR for 5 days. (b) Plant development after 18 days of high light
intensity (left) and low light intensity (right) treatment. (c), (d) and (e)
Total chlorophyll content, photosynthesis rate and stomatal
conductance, respectively, in WT and TG lines after 18 days of
treatment under high light intensity or low light intensity compared with
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control group grown under normal light condition. Data presented are
means of 4 biological repeats, and error bars represent ±SD. Asterisk
stands for a significant difference between the WT and each TG line at
*P < 0.05, **P < 0.01 and ***P < 0.001 analyzed by student's t-test.
To better evaluate plant responses to different light intensities, we also
measured the stomatal conductance in TG and WT plants. As shown in Fig. 3e,
all the TG lines had a stable stomatal conductance of about 0.08 molm-2s-1,
significantly lower than that in WT controls, which falls within the normal ranges
of 0.11-0.13 for different Gramineae plants, like Aneurotepidimu chinense and
Stipa grandis (Wang et al., 2010). Compared with those under the normal light
condition, WT plants from both high and low light intensities had an increased
stomatal conductance, therefore, the stomatal conductance of the TG lines was
25% less under normal light, 46% less under high light intensity and 38% less
under low light intensity than WT controls. The lower stomatal conductance in
TG plants may be associated with a better water conservation and usage, and
therefore a stronger osmosis resistance than WT.
Overexpression of OsaVPZ genes in creeping bentgrass enhances plant
drought tolerance
To investigate how OsaVPZ genes would impact plant responses to
osmotic stress, we first evaluated the performance of the OsaVPZ transgenic
plants under drought stress. To this end, both TG and WT control plants grown
under normal light condition were subjected to water withholding and recorded
by photographing (Fig 4a and 4b). The difference between WT and TG plants
appeared four days after treatment. The WT plants showed significantly
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drought-elicited symptoms with severely damaged leaves that curled up and
withered, whereas TG lines remained in a good growth state with turgid and
dark green leaves (Fig. 4b), indicating that drought stress seriously affected WT
plants, but had a negligible impact on TG lines.
To better understand VPZ-mediated plant drought tolerance, we further
analyzed different physiological indexes in WT plants and TG lines. As
discussed above, chlorophyll content is closely related to plant growth and
development and associated with photosynthesis rate and carbon exchange.
The photosynthesis system in higher plants is most sensitive to drought stress
(Falk et al., 1996). Chlorophyll content is therefore a reliable parameter to
assess the effects of abiotic stress on plant growth and yield (Araus et al., 1996).
As shown in Fig. 4c, the plant chlorophyll content increased slightly under
drought stress regardless of whether it is the WT plants or the TG lines. The
short-term increase in chlorophyll content may be associated with the curling
up of leaves to withstand the stress. The more significant increase of chlorophyll
content in WT controls ------indicates a more severe impact of the drought
stress on WT plants than on TG plants. TG1, a TG line with a significantly lower
chlorophyll content than other plants under normal conditions, also had a
dramatic increase in chlorophyll content upon drought stress, exhibiting no
more significant difference from others.
Proline is a vital substance that regulates plant osmotic adjustment.
When subjected to stress, plants increase proline synthesis for accumulation to
respond and adapt to adversity (Kavi et al., 2014; Deng et al., 2015). Proline
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functions to maintain the osmotic balance inside and outside the cell, remove
active oxygen, increase the stability of enzymes, and also act as a stress signal
molecule to activate a variety of reactions, so proline content is an important
parameter to determine how plants resist stress. Compared with the low level
of proline content before treatment, WT and TG lines all had a rapid increase
in proline accumulation upon drought treatment (Fig. 4d). Although TG plants
appeared to have less proline accumulation than WT controls, which had about
ten times increase, the difference in proline content increase between WT and
most of the TG plants (most obviously in TG lines 2 and 4) was statistically
insignificant (Fig. 4d). The result suggests that the WT plants may be more
severely affected by drought, while the same stress is not considered significant
for TG lines, and thus displaying a better drought resistance.
Leaf relative water content (RWC) can estimate plant water balance and
can also reflect the strength of leaf transpiration, photosynthesis, and
respiration (Kramer et al., 1995). Low RWC often means that the plant is in a
poor growth condition. When under normal condition, all plants showed a high
RWC of around 95% (Fig. 4e). After four days of water withholding, RWC in WT
plants dropped dramatically with less than 10% left, which also reflected in plant
appearance (Fig. 4b). TG lines conserved more water than WT plants with 40%
in TG1 and 60% left in other TG lines, all significantly higher than WT, reflecting
a stronger drought resistance than WT.
Electrolyte leakage (EL) is recommended to measure the damage
degree of the cell membrane, thereby revealing the ability of plants to resist
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stress (Leopold et al., 1981). Although statistically insignificant, all TG lines had
a lower EL than WT controls, which means more complete cell membrane
structure and better biochemical reaction ability in TG plants. After water
withholding, EL index was increased rapidly to more than 60% in WT plants,
indicating a severe damage WT plants suffered in cell membrane integrity (Fig.
4f). Although The EL index in TG lines also increased upon drought stress, it
was not significant relative to WT, and remained to be low, mostly maintaining
at 20% to 30%. This indicates that TG lines only suffered minor damage
compared to WT controls under drought stress, and had stronger drought
resistance than WT controls. Interestingly, TG1 showed an unexpected high EL
index compared with other TG lines, which was still lower than that in WT
controls, although statistically insignificant. This TG line also exhibited a
stronger drought resistance than WT controls.
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Fig. 4. Comparison of plant development and physiological parameters
between wild type (WT) and transgenic (TG) plants before and after
drought treatment. (a) WT plants and TG lines development before
drought treatment. (b) WT plants and TG lines after four days of
drought treatment. The last row from front to back is the control group
from each line. (c), (d), (e) and (f) Total chlorophyll content, Proline
content, Relative water content (RWC) and Electrolyte leakage (EL),
respectively, in WT plants and TG lines before and after drought
treatment. Data presented are means of 4 biological repeats, and error
bars represent ±SD. Asterisk stands for a significant difference
between WT and each TG line at *P < 0.05, **P < 0.01 and ***P < 0.001
analyzed by student's t-test.

Overexpression of OsaVPZ genes decrease plant salt resistance, but
mediate better recovery after salt stress
We then tested OsaVPZ impact on plant response to salinity, another
osmotic stress. Ten-week-old plants cultivated in the growth room were treated
with 150mM NaCl solution. After 16 days of treatment, the leaf color in most of
the TG lines faded, and some of the leaves curled up from the top (Fig. 5b).
The leaves in WT plants also started to change color, becoming yellowish on
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the part of the blade tip (Fig. 5b). The situation became even worse with two
more days of treatment: some of the leaves in TG lines withered and died off,
and the leaves of WT plants also turned yellow and withered (Fig. 5c). TG lines
appeared to be in a slightly worse condition than WT plants, but both showed
obvious salt-elicited damaging symptoms with restricted plant growth and
development. Interestingly, after ten days of recovery, most of the TG lines
recovered, whereas the WT plants did not survive the stress (Fig. 5d).
Leaf samples were collected before and after treatment to measure
related physiological parameters. The total chlorophyll content declined rapidly
in both WT and TG plants after salt treatment, dropping by more than 60%, and
even about 70% in some TG lines (Fig. 5d). This is in line with our previous
speculation that the increase in chlorophyll content under stress only occurs for
a short period. Even though there is no obvious difference between WT and TG
lines in plant damage, two TG lines showed significantly lower chlorophyll
content than WT plants, suggesting salinity stress may have more severely
impacted plant photosynthesis in TG lines than in WT controls, and therefore
intensifying stress damage to plants. However, OsaVPZ overexpression
appeared to positively regulate plant endurance responding to salinity, and thus
facilitating plant recovery (Fig. 5d).
Unlike the observations in the plants under drought stress, the EL index
of different TG lines was significantly higher than that of the WT controls under
salt stress (Fig. 5e). It means that the integrity of the cell membrane of TG is
not as good as that of WT, which had received more damage under salt
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treatment conditions. However, compared with RWC content between TG lines
and WT plants, there was no difference, all the plants were remained at about
50% (Fig. 5g). Combined with the previous EL data, TG lines maintained the
same level of RWC as WT plants when the cell membrane was more severely
damaged, which means that the OsaVPZ genes may play a positive role in plant
water regulation and conservation.

Fig. 5. Comparison of plant development and physiological parameters
between wild type (WT) and transgenic plants (TG) before and after
salt treatment. (a) WT plants and TG lines before salt treatment. (b)
WT plants and TG lines after 16 days of 150mM salt treatment. (c) WT
plants and TG lines after 18 days of 150mM salt treatment. (d) WT
plants and TG lines 10 days after recovery from salt treatment. (e), (f)
and (g) Total chlorophyll content, Electrolyte leakage (EL) and Relative
Water Content (RWC), respectively, in WT plants and TG lines before
and after salt treatment. Data presented are means of 4 biological
repeats, and error bars represent ±SD. Asterisk stands for a significant
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difference between WT and each TG lines at *P < 0.05, **P < 0.01 and
***P < 0.001 analyzed by student's t-test.
Discussion and conclusion
OsaVPZ-mediated inhibition in plant development may be associated
with increased ABA biosynthesis and enhanced NPQ level
Unlike the observation by Kromdijk et al. (2016) that OsaVPZ transgenic
tobacco plants exhibited increased biomass production under field conditions,
our data show an opposite result in the monocot species creeping bentgrass.
A significant reduction in biomass was observed in OsaVPZ TG lines, especially
in root development and stem elongation. It has been previously demonstrated
that zeaxanthin and violaxanthin are critical precursors in the abscisic acid
(ABA) biosynthesis pathway of many higher plant species (Xiong et al., 2003;
Fig. 6). Their abundance is closely associated with plant endogenesis ABA level.
Since ZEP and VDE work together to regulate the mutual transformation of
zeaxanthin and violaxanthin, overexpression of these genes may significantly
impact the biosynthesis of ABA in plants. Indeed, ZEP mutant plants in both
rice and tomato showed lower ABA levels than WT, and the ABA levels were
not upregulated under stress conditions (Thompson et al., 2000). Enhanced
xanthophyll cycle activity will also increase plants ABA content and induce
protection mechanism from photoinhibition (Ivanov et al., 1995). These data
provide important evidence demonstrating the involvement of ZEP and VDE
genes in regulating plant ABA level in response to stress and explain the
morphological differences between TG plants and WT plants. As a plant
hormone, ABA plays a vital role in plant vegetative growth, mainly involved in
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tiller bud growth and stem elongation (Ji et al., 2002; Liu et al., 2020). An
increase in endogenous ABA content has a negative impact on plant tiller
growth, even stimulating tiller death (Liang et al., 1997). This was also observed
in tomato that auxin (IAA)-induced ABA accumulation inhibited the growth of
the side tiller buds (Tucker et al., 1978). Although the external application of 50
mg L-1 ABA did not completely inhibit the growth of lateral buds, it significantly
slowed down their development, indicating that a too high concentration of ABA
inhibits plant tiller production.
ABA-mediated growth inhibition has also been noticed in the elongation
of the plant stem. The examination of endogenous ABA content in rice showed
that the ABA level in dwarf rice was significantly higher than that in tall rice, and
the ABA concentration was negatively correlated with the height of rice
seedlings (Arney, et al., 1969; Song et al., 2000). In Hoffmann's experiment,
submergence induces an increase in the content of gibberellin (GA) in
deepwater rice, thereby accelerating the elongation of rice internodes, but ABA
treatment will inhibit this phenomenon to a certain extent, and completely inhibit
it when ABA concentration reaches 100 µmolL-1 (Hoffmann-Benning et al.,
1992). Additionally, by binding to intracellular receptors PYR/PYLs/RCAR, ABA
signaling can release PP2C protein to affect the expression of the downstream
transcription factor genes WRKY75 and WRKY46, thereby regulating plant
lateral root development (Fujii et al., 2009; Ding et al., 2015). By mutating
WRKY46 and WRKY75, plants showed an increase in lateral root length and
number. Therefore, we speculate that overexpression of OsaVPZ genes leads
to an increase in ZEP accumulation and increases the ABA level, and thus
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inhibits plant growth resulting in a shorter stem and internodes as well as an
inhibited root and tiller development. Further analysis of the ABA content in the
OsaVPZ TG plants in comparison with WT controls will reveal the relationship
between the overexpression of OsaVPZ genes and the increase of ABA, and
how it leads to the inhibition of the plant development.

Fig. 6. The biosynthetic pathway of ABA in higher plants. Zeaxanthin
epoxidase (ZEP) catalyzes the conversion of zeaxanthin into
violaxanthin, and 9-cis-epoxycarotenoid dioxygenase (NCED)
catalyzes 9-cis-neoxanthin to produce xanthoxin. Xanthoxin will be
converted into abscisic acid aldehyde under the action of ABA2. Finally,
ABA is formed under the action of ABA-aldehyde oxidase (AAO).

With overexpressed OsaVPZ genes, the xanthophyll cycle would be
accelerated and has more rapid responses to light intensity change (Horton et
al., 1999). On the other hand, with overexpressed OsaVDE gene, thylakoid
lumen would be acidized and generate more zeaxanthin in a short time,
inducing higher level of NPQ (Zhao et al., 2016). The increased abundance of
PsbS protein can induce the conformational change of LHCⅡ faster and leads
to the NPQ state (Johnson, 2010). In other words, TG plants are consistently
at high levels of NPQ compared with WT. This may protect plants from
photodamage, but it also means more wasted energy and less biomass
accumulated during photosynthesis. With the same light condition, TG plants
may not have enough energy for photosynthesis. This could also be the reason
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why TG lines show a poor growth vigor compared to WT plants. The same
result has been reported in Arabidopsis recently. When under the 12h/2h
diurnal cycle, OsaVPZ transgenic Arabidopsis showed smaller plant size and
less biomass production than WT controls (Garcia-Molina et al., 2020). This
suggests that the strategy to increase photosynthetic efficiency by accelerating
recovery from photoprotection has the species-specific limitations. It is also
possible that the change of heat dissipation interferes with the mechanism of
energy allocation in thylakoids, but the specific mechanism remains unclear and
needs further study.
OsaVPZ-mediated alteration in plant response to different light
intensities through NPQ and stomatal regulation
Photoinhibition is a common phenomenon occurred in nature and
causes a decrease in photosynthesis rate (Murata et al., 2007). As one of the
photoprotective mechanisms, a high level of NPQ naturally leads to stronger
photoinhibition. Because of the overexpression of OsaVPZ genes, plants will
accumulate more zeaxanthin under high light intensity to transition into a higher
level of NPQ state, resulting in a more inhibited photosynthetic efficiency. It
should be noted that we only tested the effects of light on plant development
with short-term treatments, and the protective effect of this mechanism on
plants may not have been shown yet. We believe that over time, TG plants will
show less photodamage than WT, consistent with the conclusion of a previous
experiment in tomato overexpressing a LeVDE gene (Han et al., 2010). In the
current study with the OsaVPZ TG creeping bentgrass, we could barely observe
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any significant morphological difference between TG plants and WT controls
under high light intensity, even if there was a significant difference in
photosynthesis (Fig. 3a, b and d). Further analysis measuring additional
parameters like NPQ level and DES would provide information to better
understand the effect of OsaVPZ genes on high light stressed plants.
Plant photosynthesis is a complex variable, related not only to
environmental conditions, but also to plant CO2 absorbing capacity (Barber,
1995). It has previously been demonstrated in Arabidopsis and tomato that VDE
gene was mainly localized to chlorophyll, but also found in guard cells of
stomata (North et al., 2005; Huang et al., 2007; Sun et al., 2019). Meanwhile,
ABA is also involved in regulating stomatal conductance (Saez et al., 2006). As
the regulatory genes for ABA biosynthesis, ZEP and VDE are also involved in
stomatal conductance regulation. That may explain why the stomatal
conductance in TG lines can keep at a stable and low level. Stomatal
conductance can affect the fixation rate of CO2 in the mesophyll, which in turn
affects photosynthesis (Wong et al., 1979). In this study, OsaVPZ TG creeping
bentgrass exhibited an inhibited growth with less shoot and root biomass (Fig.
2) coupled with low stomatal conductance that affects CO2 uptake, indicating
that TG plants are more susceptible to low light stress. However, the stomatal
conductance is also related to water use of plants (Ball et al., 1988), regulating
plant respiration and adaptation to environmental adversities. Lower stomatal
conductance can hold more water, which may contribute to enhanced osmotic
stress resistance in OsaVPZ overexpression TG plants.
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OsaVPZ-mediated enhancement in plant drought resistance may be
associated with high ABA accumulation, low stomatal conductance, and
reduced photodamage through ROS
Drought is a common abiotic stress for plants, which could cause
inhibition of plant development and decrease plant productivity (Van, 2008).
Drought stress can make plants produce high osmotic stress signals, which in
turn damage plant cell lipid membrane structure and trigger oxidative stress at
the same time (Zhu et al., 2016).
As discussed above (Fig. 6), zeaxanthin works as a precursor in plant
ABA biosynthesis, and overexpression of ZEP gene in Arabidopsis leads to an
increase in ABA (Thompson et al., 2000). Therefore, overexpression of
OsaVPZ genes would most likely lead to enhanced ABA biosynthesis. ABA
content is crucial to plant stress resistance because signal transduction during
drought stress is mainly mediated by ABA. The increase in ABA content could
help maintain plant water balance and alleviate osmotic stress and ion stress
due to the lack of water, consistent with our observation in the OsaVPZ TG
creeping bentgrass. ABA can also enhance the activity of protective enzymes
in cells, reduce the decomposition of chlorophyll, and activate downstream
regulatory genes to reduce plant damage (Greenway, 1980). Endogenous
RD29A was first reported as a stress-responsive gene in tobacco, it can
improve plant drought resistance by co-expression with DREB1A gene (Kasuga
et al., 2004). Like other endogenous genes such as RD19 and ADH, these
endogenous genes have been confirmed to be related to plant ABA levels
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under osmotic stress (Xiong et al., 2002). Therefore, we hypothesize that by
overexpressing OsaVPZ genes, the ABA level in TG plants would be
upregulated to increase stress-responsive RD29A gene expression level. This
hypothesis has also been confirmed in Arabidopsis, with a nearly two-fold
increase of RD29A expression level in AtZEP gene overexpression TG plants
compared with WT controls (Park et al., 2008).
In addition to the direct damage caused by drought stress on plants, the
decrease of photosynthetic efficiency by drought is another negative effect,
especially the decrease of the photochemical efficiency of PSII. It has
previously been demonstrated that exogenous ABA could significantly alleviate
the decrease of photochemical efficiency of PSII and maintain a higher
photosynthetic electron transport rate (Zhu et al., 2011). Since ABA-induced
abiotic stress resistance pathway exists in different plant species as a common
mechanism, we speculate that overexpression of OsaVPZ genes with
increased ABA level will help plant reduce the loss of photosynthetic efficiency
and obtain more energy to cope with drought stress.
High-level ABA also mediates stomatal conductance by binding to a
stomatal guard cell receptor, this process will eventually lead to K+ and Cl- flow
out of the guard cells and reduce the guard cell expansion, causing stomatal
closure (Finkelstein et al., 2002). The VDE gene was found to express in
stomatal guard cells. Even the specific function and principle for VDE gene
involvement in regulating stomatal conductance are still unclear, we speculate
that it may also regulate stomatal closure. The related mechanism needs to be
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further studied. Our observations confirm that overexpression of OsaVPZ
genes enhances stomatal closure, and reduces the moisture loss while under
osmotic stress. This also explains why TG lines have more substantial drought
or salt resistance than WT controls.
ROS is the most dangerous substance in plant cells which could damage
cell membrane and cellular structure (Peltzer et al., 2002). It will accumulate
when plant photosystem cannot utilize the absorbed light energy and cause
photooxidation to intensify the damage to the plants. Drought stress will destroy
chlorophyll a by generating ROS, reducing the ratio of chlorophyll a/b and then
reducing the chlorophyll content (Zhe et al., 1991). By measuring ROS in plants
before and after treatment, we may better understand this mechanism. The cell
membrane is the first target of many different plant stresses, especially water
stress (Bajji et al., 2002). Plant cell membranes play an important role in
biochemical reactions and participation in enzyme reactions and photoreaction
(Dubey et al., 2018). Once the cell membrane is damaged, it will seriously
reduce the efficiency of biochemical reactions. While plants suffer from osmotic
stress, the plant photosystem would be damaged and cause a decrease in
photosynthetic capacity, lowering the light saturation point, which will cause a
significant accumulation of ROS even when the light intensity remains the same.
This will cause secondary damage to plants and aggravate the symptoms of
stress. The plant stress resistance was proposed to be related to the plant
antioxidant capacity and the degree of oxidative stress (Abdel-Gaber et al.,
2006), exposure to the abiotic stress always comes with oxidative stress. Even
though the photosynthetic efficiency of plants was slightly affected, less ROS
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production allows plants to escape the photooxidation damage, and therefore
better coping with drought stress (Wang, 2006).
Reduced photodamage in regulating OsaVPZ-mediated plant recovery
from salt stress
As another common osmotic stress, salt stress in the early stage also
causes adverse effects to plants by impeding plant nutrient absorption and
interfering plant metabolic activities (Capula-Rodríguez et al., 2016). However,
unlike drought stress, salt stress can also cause ion toxicity to plants (Ruiz et
al., 2016). Due to plant transpiration, Na+ and Cl- would accumulate in the plant
body to destroy the osmotic pressure balance and have a competitive inhibitory
effect on other ions. However, accelerated xanthophyll cycle increased NPQ
level to avoid the photodamage that plants may suffer under salt stress. The
increased ABA content caused by the overexpression of OsaVPZ genes
mediates the plant stress response, and at the same time enhances the plant
resistance to salt stress. Similar reports have been reported in cucumber (Li
et al., 2013) and tobacco (Gao et al., 2010). In current study, OsaVPZ TG
plants did not show advantage in response to salt stress compared to WT
controls, especially in the initial stage of salt treatment. They also exhibited
similar salt-elicited tissue damages (Fig. 5b, c). The result may be attributed to
the initial status of the plants for treatment. salt stress will have a greater impact
on poorly developed plants, as was the case for TG plants whose development
was negatively impacted by OsaVPZ overexpression under normal growth
condition (Fig. 2 and 5a). Since overexpression of OsaVPZ would increase
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NPQ level to avoid the photodamage that plants may suffer under salt stress,
OsaVPZ TG plants should show greater adaptation to stress than WT over time.
Indeed, as can be seen from the results, with the treatment continuously going
on, the difference in salt stress responses between TG and WT plants gradually
reduced, and all the TG plants recovered from the stress, whereas WT plants
did not survive (Fig. 5d). However, further study in measuring more
physiological index over time during salt treatment would provide information to
validate our hypothesis.
Overexpression of OsaVPZ genes can reduce the excess light energy
received by LHCII and avoid extra proton leakage from thylakoids and generate
superfluous ROS when plants are under stress, and as a result, reducing light
damage to plants after salt stress and avoiding intensified salt stress symptoms.
This would allow TG plants to survive and recover from salt stress as we
observed in the OsaVPZ TG creeping bentgrass plants, even they were more
severely damaged while under stress.
In summary, the present research revealed that the TG creeping
bentgrass overexpressing OsaVPZ genes exhibited a better drought resistance
and faster recovery from salinity stress possibly associated with increased ABA
biosynthesis and induced stress-responsive gene expression as well as
synergized stomatal conductance regulation and reduced ROS production.
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Appendix A
Oligos Used in This Study
Oligo name

Sequence

Product
size (bp)

Osa-PsbS-qPCR-F

5’-GCATCGCCTTCTCCATCATC-3’

Osa-PsbS-qPCR-R

5’-CGGCGATGAAGAAGAAGACG-3’

Osa-ZEP-qPCR-F

5'-GACTCGCAACCCATTCGATT-3'

Osa-ZEP-qPCR-R

5'-CCAGGGAAGCAGTCGAATTG-3'

Osa-VDE-qPCR-F

5'-GCCTCAATCCCACTTTCGAC-3'

Osa-VDE-qPCR-R

5'-GGGTGCGAATTCTCCATGTC-3'

BarF

5’-GTCTGCACCATCGTCAACCACTAC-3

BarR

5’-GTCCAGCTGCCAGAAACCCAC-3’

AsACTIN-F

GTTCCTGCCATGTATGTCGC

AsACTIN-R

ACACCATCACCAGAGTCGAG
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100

91

99

440
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Appendix B
Medium Preparation in This Study
MMSG medium
Measured 0.5g Casein hydrolysate, 0.5mg benzyl adenine (BAP), 4.33g MS
salt, 6.6mg Dicamba and 30g sucrose, mixed with 1ml Gamborg Vitamin,
constant volume to 1L with ddH2O. Stirred well then adjusted the pH to 5.7,
added 2.3g Agar powder. Autoclaved at 121℃ for 30 minutes.
LB medium
Measured 5g Yeast Extract, 10g NaCl, 8g Agar powder and 10g tryptone,
dissolved into 1L ddH2O. Then autoclaved at 121℃ for 30 minutes.
YEP medium
Measured 10g Yeast Extract, 5g NaCl and 10g peptone, dissolved into 1L
ddH2O. Then autoclaved at 121℃ for 30 minutes.
CM-Turf medium
Measured 4.4g Murashige and Skoog Basal salt, 30g Sucrose, 10g glucose,
0.5g Casein hydrolysate, 6.6g Dicamba and 0.5g BAP, mixed with 1ml
Gamborg Vitamin, constant volume to 1L with ddH2O. Stirred well then adjusted
the pH to 5.7 added 2.3g Agar powder. After autoclaved at 121℃ for 30 minutes,
added 39.2mg Acetosyringone.
Regeneration MSO I
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Measured 4.33g MS salt, 30g sucrose, 0.1g Myo-inositol and 1mg BAP, mixed
with 1ml Gamborg Vitamin. Constant volume to 1L with ddH2O and stirred well
then adjusted the pH to 5.8. 2.3g Agar powder was added and autoclaved at
121℃ for 30 minutes.
Regeneration MSO II
Measured 30g sucrose, 4.33g MS salt, 0.1g Myo-inositol, mixed with 1ml
Gamborg Vitamin. Constant volume to 1L with ddH2O and stirred well then
adjusted the pH to 5.8. 2.3g Agar powder was added and autoclaved at 121℃
for 30 minutes.

50

REFERENCES
Abdel-Gaber, A. M., Abd-El-Nabey, B. A., Sidahmed, I. M., El-Zayady, A. M., & Saadawy, M.
(2006). Inhibitive action of some plant extracts on the corrosion of steel in acidic media.
Corrosion science, 48(9), 2765-2779.
Anwar, A., & Kim, J. K. (2020). Transgenic breeding approaches for improving abiotic stress
tolerance: recent progress and future perspectives. International journal of molecular
sciences, 21(8), 2695.
Araus, J. L., Amaro, T., Voltas, J., Nakkoul, H., & Nachit, M. M. (1998). Chlorophyll
fluorescence as a selection criterion for grain yield in durum wheat under Mediterranean
conditions. Field Crops Research, 55(3), 209-223.
Arney, S. E., & Mitchell, D. L. (1969). The effect of abscisic acid on stem elongation and
correlative inhibition. New Phytologist, 68(4), 1001-1015.
Asada, K. (1987). Production and scavenging of active oxygen in photosynthesis.
Photoinhibition, 227-287.
Asada, K. (2019). Production and action of active oxygen species in photosynthetic tissues. In
Causes of photooxidative stress and amelioration of defense systems in plants (pp. 77104). CRC press.
Asada, K. (2006). Production and scavenging of reactive oxygen species in chloroplasts and
their functions. Plant physiology, 141(2), 391-396.
Bajji, M., Kinet, J. M., & Lutts, S. (2002). The use of the electrolyte leakage method for
assessing cell membrane stability as a water stress tolerance test in durum wheat. Plant
growth regulation, 36(1), 61-70.
Baker, N. R. (2008). Chlorophyll fluorescence: a probe of photosynthesis in vivo. Annu. Rev.
Plant Biol., 59, 89-113.
Ball, J. T. (1988). An analysis of stomatal conductance (Doctoral dissertation, Stanford
University).
Barber, J. (1995). Molecular basis of photoinhibition. Photosynthesis: from light to Biosphere,
4, 159-164.
Betterle, N., Ballottari, M., Zorzan, S., de Bianchi, S., Cazzaniga, S., Dall'Osto, L.,
Morosinotto, T., &amp; Bassi, R. (2009). Light-induced Dissociation of an Antenna
Hetero-oligomer Is Needed for Non-photochemical Quenching Induction. Journal of
Biological Chemistry, 284(22), 15255–15266.
Björkman, O., & Demmig, B. (1987). Photon yield of O2 evolution and chlorophyll
fluorescence characteristics at 77 K among vascular plants of diverse
origins. Planta, 170(4), 489-504.
Bongi, G., & Long, S. P. (1987). Light‐dependent damage to photosynthesis in olive leaves
during chilling and high temperature stress. Plant, Cell & Environment, 10(3), 241-249.
Betterle, N., Ballottari, M., Zorzan, S., de Bianchi, S., Cazzaniga, S., Dall'Osto, L.,
Morosinotto, T., &amp; Bassi, R. (2009). Light-induced Dissociation of an Antenna
Hetero-oligomer Is Needed for Non-photochemical Quenching Induction. Journal of
Biological Chemistry, 284(22), 15255–15266.
Boyer, J. S. (1982). Plant productivity and environment. Science, 218(4571), 443-448.
Boyer, P. D., Chance, B., Ernster, L., Mitchell, P., Racker, E., & Slater, E. C. (1977). Oxidative
phosphorylation and photophosphorylation. Annual review of biochemistry, 46(1), 955-966.
Bugos, R. C., & Yamamoto, H. Y. (1996). Molecular cloning of violaxanthin de-epoxidase from
romaine lettuce and expression in Escherichia coli. Proceedings of the national academy
of sciences, 93(13), 6320-6325.
Capula-Rodríguez, R., Valdez-Aguilar, L. A., Cartmill, D. L., Cartmill, A. D., & Alia-Tejacal, I.
(2016). Supplementary calcium and potassium improve the response of tomato (Solanum
lycopersicum L.) to simultaneous alkalinity, salinity, and boron stress. Communications in
Soil Science and Plant Analysis, 47(4), 505-511.
Croft, H., Chen, J. M., Luo, X., Bartlett, P., Chen, B., & Staebler, R. M. (2017). Leaf
chlorophyll content as a proxy for leaf photosynthetic capacity. Global change
biology, 23(9), 3513-3524.

51

Demmig-Adams, B., & Adams, W. W. (1993). The xanthophyll cycle. In ‘‘Carotenoids in
Photosynthesis’’(A. Young and G. Britton, eds.).
Demmig-Adams, B., & Adams, W. W. (1996). The role of xanthophyll cycle carotenoids in the
protection of photosynthesis. Trends in Plant science, 1(1), 21-26.
Deng, F. F., Yang, S. L., & Gong, M. (2015). Regulation of cell signaling molecules on proline
metabolism in plants under abiotic stress. Plant Physiol. J, 51, 1573-1582.
Ding, Z. J., Yan, J. Y., Li, C. X., Li, G. X., Wu, Y. R., & Zheng, S. J. (2015). Transcription factor
WRKY 46 modulates the development of Arabidopsis lateral roots in osmotic/salt stress
conditions via regulation of ABA signaling and auxin homeostasis. The Plant Journal,
84(1), 56-69.
Dubey, R. S. (2018). Photosynthesis in plants under stressful conditions. In Handbook of
photosynthesis (pp. 629-649). CRC Press.
Eskling, M., Arvidsson, P. O., & Åkerlund, H. E. (1997). The xanthophyll cycle, its regulation
and components. Physiologia Plantarum, 100(4), 806-816.
Fan M, Li M, Liu Z, Cao P, Pan X, Zhang H, Zhao X, Zhang J, & Chang W (2015). Crystal
structures of the PsbS protein essential for photoprotection in plants. Nat Struct Biol, 22:
729–735
Finkelstein, R. R., & Rock, C. D. (2002). Abscisic acid biosynthesis and response. The
Arabidopsis Book/American Society of Plant Biologists, 1.
Finkelstein, R. R., Gampala, S. S., & Rock, C. D. (2002). Abscisic acid signaling in seeds and
seedlings. The Plant Cell, 14(suppl_1), S15-S45.
Fujii, H., & Zhu, J. K. (2009). Arabidopsis mutant deficient in 3 abscisic acid-activated protein
kinases reveals critical roles in growth, reproduction, and stress. Proceedings of the
National Academy of Sciences, 106(20), 8380-8385.
Gao, S., Han, H., Feng, H. L., Zhao, S. J., & Meng, Q. W. (2010). Overexpression and
Suppression of Violaxanthin De‐epoxidase Affects the Sensitivity of Photosystem II
Photoinhibition to High Light and Chilling Stress in Transgenic Tobacco. Journal of
integrative plant biology, 52(3), 332-339.
Garcia-Molina, A., & Leister, D. (2020). Accelerated relaxation of photoprotection impairs
biomass accumulation in Arabidopsis. Nature plants, 6(1), 9-12.
Gelvin, S. B. (2017). Integration of Agrobacterium T-DNA into the plant genome. Annual review
of genetics, 51, 195-217.
Goral, T. K., Johnson, M. P., Duffy, C. D., Brain, A. P., Ruban, A. V., & Mullineaux, C. W.
(2012). Light‐harvesting antenna composition controls the macrostructure and
dynamics of thylakoid membranes in Arabidopsis. The Plant Journal, 69(2), 289-301.
Goss, R., & Lepetit, B. (2015). Biodiversity of NPQ. Journal of plant physiology, 172, 13-32.
Green, B. R., & Durnford, D. G. (1996). The chlorophyll-carotenoid proteins of oxygenic
photosynthesis. Annual review of plant biology, 47(1), 685-714.
Greenway, H., & Munns, R. (1980). Mechanisms of salt tolerance in nonhalophytes. Annual
review of plant physiology, 31(1), 149-190.
Gunapati, S., Naresh, R., Ranjan, S., Nigam, D., Hans, A., Verma, P. C., ... & Sane, V. A.
(2016). Expression of GhNAC2 from G. herbaceum, improves root growth and imparts
tolerance to drought in transgenic cotton and Arabidopsis. Scientific reports, 6(1), 1-14.
Guo, L. W., & Shen, Y. G. (1996). Protective mechanisms against photodamage in
photosynthetic apparatus of higher plants. Plant Physiology Communications, 1-8.
Hager, A., & Holocher, K. (1994). Localization of the xanthophyll-cycle enzyme violaxanthin
de-epoxidase within the thylakoid lumen and abolition of its mobility by a (lightdependent) pH decrease. Planta, 192(4), 581-589.
Han, H., Gao, S., Li, B., Dong, X. C., Feng, H. L., & Meng, Q. W. (2010). Overexpression of
violaxanthin de-epoxidase gene alleviates photoinhibition of PSII and PSI in tomato
during high light and chilling stress. Journal of plant physiology, 167(3), 176-183.

52

Havaux, M., Dall'Osto, L., Cuiné, S., Giuliano, G., & Bassi, R. (2004). The effect of zeaxanthin
as the only xanthophyll on the structure and function of the photosynthetic apparatus in
Arabidopsis thaliana. Journal of Biological Chemistry, 279(14), 13878-13888.
Hoffmann-Benning, S., & Kende, H. (1992). On the role of abscisic acid and gibberellin in the
regulation of growth in rice. Plant Physiology, 99(3), 1156-1161.
Horton, P. (2014). Developments in Research on Non-Photochemical Fluorescence
Quenching: Emergence of Key Ideas, Theories and Experimental Approaches. Advances
in Photosynthesis and Respiration, 73–95.
Horton, P., Ruban, A. V., &amp; Young, A. J. (2007). Regulation of the Structure and
Function of the Light Harvesting Complexes of Photosystem II by the Xanthophyll Cycle.
Advances in Photosynthesis and Respiration, 271–291.
Huang, H., Ullah, F., Zhou, D. X., Yi, M., & Zhao, Y. (2019). Mechanisms of ROS regulation of
plant development and stress responses. Frontiers in Plant Science, 10, 800.
Huang, J. L., Cheng, L. L., & Zhang, Z. X. (2007). Molecular cloning and characterization of
violaxanthin de-epoxidase (VDE) in Zingiber officinale. Plant science, 172(2), 228-235.
Huang, P., Jia, D., Yuan, Z., Mei, S., & Ye, Y. (2011). Physiological responses of exotic
weeds Gaura parviflora to drought stress. Dongbei Nongye Daxue Xuebao, 42(4), 102106.
Inoue, K., Fujii, T., Yokoyama, E., Matsuura, K., Hiyama, T., & Sakurai, H. (1989). The
photoinhibition site of photosystem I in isolated chloroplasts under extremely reducing
conditions. Plant and cell physiology, 30(1), 65-71.
Ivanov, A. G., Krol, M., Maxwell, D., & Huner, N. P. A. (1995). Abscisic acid induced
protection against photoinhibition of PSII correlates with enhanced activity of the
xanthophyll cycle. FEBS letters, 371(1), 61-64.
JI, L., & YANG, R. (2002). Rice stem elongation and plant hormones. Chinese Bulletin of
Botany, 19(01), 109.
Johnson, M. P., & Ruban, A. V. (2010). Arabidopsis plants lacking PsbS protein possess
photoprotective energy dissipation. The Plant Journal, 61(2), 283-289.
Johnson, M. P., Havaux, M., Triantaphylides, C., Ksas, B., Pascal, A. A., Robert, B., Davison,
P. A., Ruban, A. V., &amp; Horton, P. (2007). Elevated Zeaxanthin Bound to Oligomeric
LHCII Enhances the Resistance of Arabidopsis to Photooxidative Stress by a Lipidprotective, Antioxidant Mechanism. Journal of Biological Chemistry, 282(31), 22605–
22618.
Kasuga, M., Miura, S., Shinozaki, K., & Yamaguchi-Shinozaki, K. (2004). A combination of the
Arabidopsis DREB1A gene and stress-inducible rd29A promoter improved drought-and
low-temperature stress tolerance in tobacco by gene transfer. Plant and Cell Physiology,
45(3), 346-350.
Kavi Kishor, P. B., & Sreenivasulu, N. (2014). Is proline accumulation per se correlated with
stress tolerance or is proline homeostasis a more critical issue?. Plant, cell &
environment, 37(2), 300-311.
Komari T, Hiei Y, Saito Y, Murai N, & Kumashiro T. Vectors carrying two separate T-DNAs for
co-transformation of higher plants mediated by Agrobacterium tumefaciens and
segregation of transformants free from selection markers. Plant J. 1996 Jul;10(1):165-74.
Kramer, D. M., Cruz, J. A., & Kanazawa, A. (2003). Balancing the central roles of the
thylakoid proton gradient. Trends in plant science, 8(1), 27-32.
Kramer, P. J., & Boyer, J. S. (1995). Water relations of plants and soils. Academic press.
Kromdijk, J., Głowacka, K., Leonelli, L., Gabilly, S. T., Iwai, M., Niyogi, K. K., & Long, S. P.
(2016). Improving photosynthesis and crop productivity by accelerating recovery from
photoprotection. Science, 354(6314), 857-861.
Xiong, L., & Zhu, J.-K. (2003). Regulation of Abscisic Acid Biosynthesis. Plant Physiology,
133(1), 29–36.

53

Leopold, A. C., Musgrave, M. E., & Williams, K. M. (1981). Solute leakage resulting from leaf
desiccation. Plant Physiology, 68(6), 1222-1225.
Li XP, Björkman O, Shih C, Grossman AR, Rosenquist M, Jansson S, & Niyogi KK (2000). A
pigment-binding protein essential for regulation of photosynthetic light harvesting. Nature,
403: 391–395
Li, X., Zhao, W., Sun, X., Huang, H., Kong, L., Niu, D., Sui, X., & Zhang, Z. (2013). Molecular
Cloning and Characterization of Violaxanthin De-Epoxidase (CsVDE) in Cucumber. PLoS
ONE, 8(5).
Li, Y., Sun, Y., Jiang, J., & Liu, J. (2019). Spectroscopic determination of leaf chlorophyll
content and color for genetic selection on Sassafras tzumu. Plant methods, 15(1), 1-11.
Lichtenthaler, H. K., Buschmann, C., Rinderle, U., & Schmuck, G. (1986). Application of
chlorophyll fluorescence in ecophysiology. Radiation and environmental
biophysics, 25(4), 297-308
Liu, X., Hu, Q., Yan, J., Sun, K., Liang, Y., Jia, M., Meng, X., Fang, S., Wang, Y., Jing, Y., Liu,
G., Wu, D., Chu, C., Smith, S. M., Chu, J., Wang, Y., Li, J., & Wang, B. (2020). ζ-Carotene
Isomerase Suppresses Tillering in Rice through the Coordinated Biosynthesis of
Strigolactone and Abscisic Acid. Molecular Plant, 13(12), 1784–1801.
Liu, J. H., Peng, T., & Dai, W. (2014). Critical cis-acting elements and interacting transcription
factors: key players associated with abiotic stress responses in plants. Plant molecular
biology reporter, 32(2), 303-317.
Lohani, N., Jain, D., Singh, M. B., & Bhalla, P. L. (2020). Engineering Multiple Abiotic Stress
Tolerance in Canola, Brassica napus. Frontiers in Plant Science, 11.
Long, S. P., Marshall-Colon, A., & Zhu, X.-G. (2015). Meeting the Global Food Demand of the
Future by Engineering Crop Photosynthesis and Yield Potential. Cell, 161(1), 56–66.
Mauro, R. P., Occhipinti, A., Longo, A. M. G., & Mauromicale, G. (2011). Effects of shading on
chlorophyll content, chlorophyll fluorescence and photosynthesis of subterranean
clover. Journal of Agronomy and Crop Science, 197(1), 57-66.
Mauzerall, D. (1977). Porphyrins, chlorophyll, and photosynthesis. In Photosynthesis I (pp.
117-124). Springer, Berlin, Heidelberg.
Murata, N., Takahashi, S., Nishiyama, Y., & Allakhverdiev, S. I. (2007). Photoinhibition of
photosystem II under environmental stress. Biochimica et Biophysica Acta (BBA)Bioenergetics, 1767(6), 414-421.
Nishimura, S., Tang, Y., Itoh, K., & Koizumi, H. (2000). Photosynthetic light-use efficiency in
rice (Oryza sativa L.) leaf under light with fluctuating intensities at two different ambient
humidities. Plant production science, 3(2), 79-83.
Nishiyama, Y., & Murata, N. (2014). Revised scheme for the mechanism of photoinhibition
and its application to enhance the abiotic stress tolerance of the photosynthetic
machinery. Applied microbiology and biotechnology, 98(21), 8777-8796.
North, H. M., Frey, A., Boutin, J. P., Sotta, B., & Marion-Poll, A. (2005). Analysis of xanthophyll
cycle gene expression during the adaptation of Arabidopsis to excess light and drought
stress: Changes in RNA steady-state levels do not contribute to short-term responses.
Plant Science, 169(1), 115-124.
Ort, D. R., Merchant, S. S., Alric, J., Barkan, A., Blankenship, R. E., Bock, R., Croce, R.,
Hanson, M. R., Hibberd, J. M., Long, S. P., Moore, T. A., Moroney, J., Niyogi, K. K.,
Parry, M. A., Peralta-Yahya, P. P., Prince, R. C., Redding, K. E., Spalding, M. H., van
Wijk, K. J., … & Zhu, X. G. (2015). Redesigning photosynthesis to sustainably meet
global food and bioenergy demand. Proceedings of the National Academy of Sciences,
112(28), 8529–8536.
Park, H. Y., Seok, H. Y., Park, B. K., Kim, S. H., Goh, C. H., Lee, B. H., ... & Moon, Y. H.
(2008). Overexpression of Arabidopsis ZEP enhances tolerance to osmotic
stress. Biochemical and biophysical research communications, 375(1), 80-85.
Peltzer, D., Dreyer, E., & Polle, A. (2002). Differential temperature dependencies of
antioxidative enzymes in two contrasting species: Fagus sylvatica and Coleus blumei.
Plant Physiology and Biochemistry, 40(2), 141-150.

54

Powles, S. B. (1984). Photoinhibition of photosynthesis induced by visible light. Annual review
of plant physiology, 35(1), 15-44.
Renger, G. (Ed.). (2007). Primary processes of photosynthesis: principles and apparatus (Vol.
8). Royal Society of Chemistry.
Ruiz, K. B., Biondi, S., Martínez, E. A., Orsini, F., Antognoni, F., & Jacobsen, S. E. (2016).
Quinoa–a model crop for understanding salt-tolerance mechanisms in halophytes. Plant
Biosystems-An International Journal Dealing with all Aspects of Plant Biology, 150(2),
357-371.
Saez, A., Robert, N., Maktabi, M. H., Schroeder, J. I., Serrano, R., & Rodriguez, P. L. (2006).
Enhancement of abscisic acid sensitivity and reduction of water consumption in
Arabidopsis by combined inactivation of the protein phosphatases type 2C ABI1 and HAB1.
Plant physiology, 141(4), 1389-1399.
ŠestÁk, Z., & ČatskÝ, J. I. Ř. Í. (1962). intensity of photosynthesis and chlorophyll content as
related to leaf age inNicotiana sanderae hort. Biologia Plantarum, 4(2), 131.
Slattery, R. A., Walker, B. J., Weber, A. P., & Ort, D. R. (2018). The impacts of fluctuating
light on crop performance. Plant physiology, 176(2), 990-1003.
SONG, P. (2000). The Mechanism of Internodal Elongation of Deepwater Rice. Chinese
Bulletin of Botany, 17(01), 46.
Sun, L. N., Wang, F., Wang, J. W., Sun, L. J., Gao, W. R., & Song, X. S. (2019).
Overexpression of the ChVDE gene, encoding a violaxanthin de-epoxidase, improves
tolerance to drought and salt stress in transgenic Arabidopsis. 3 Biotech, 9(5), 1-10.
Teng, Z. Q., Fu, H. Q., Jia, S. H., Meng, W. W., Dai, R. J., & Deng, Y. L. (2011). Review of
current progress in the metabolomics for plant response to abiotic stress. Chinese
Journal of Plant Ecology, 35(1), 110.
Thompson, A. J., Jackson, A. C., Parker, R. A., Morpeth, D. R., Burbidge, A., & Taylor, I. B.
(2000). Abscisic acid biosynthesis in tomato: regulation of zeaxanthin epoxidase and 9cis-epoxycarotenoid dioxygenase mRNAs by light/dark cycles, water stress and abscisic
acid. Plant molecular biology, 42(6), 833-845.
Tran, L. S. P., Nakashima, K., Shinozaki, K., & Yamaguchi‐Shinozaki, K. (2007). Plant gene
networks in osmotic stress response: from genes to regulatory networks. Methods in
enzymology, 428, 109-128.
Tucker, D. J. (1978). Apical dominance in the tomato: the possible roles of auxin and abscisic
acid. Plant Science Letters, 12(3-4), 273-278.
Valliyodan, B., & Nguyen, H. T. (2006). Understanding regulatory networks and engineering for
enhanced drought tolerance in plants. Current opinion in plant biology, 9(2), 189-195.
Van Der Zanden, A. M. (2008). Environmental factors affecting plant growth.
Wang, B. C., Pan, Y. H., Meng, D. Z., & Zhu, Y. X. (2006). Identification and Quantitative
Analysis of Significantly Accumulated Proteins During the Arabidopsis Seedling De ‐
etiolation Process. Journal of integrative plant biology, 48(1), 104-113.
Wang, J. L., & Wen, X. F. (2010). Modeling the response of stomatal conductance to variable
CO2 concentration and its physiological mechanism. Acta Ecologica Sinica, 30(17),
4815-4820.
Wang, N., Fang, W., Han, H., Sui, N., Li, B., & Meng, Q. W. (2008). Overexpression of
zeaxanthin epoxidase gene enhances the sensitivity of tomato PSII photoinhibition to
high light and chilling stress. Physiologia plantarum, 132(3), 384-396.
Wang, Q. Z., Liu, Q., Gao, Y. N., & Liu, X. (2017). Review on the mechanisms of the
response to salinity-alkalinity stress in plants. Acta Ecologica Sinica, 37(16), 5565-5577.
Warnke, S., Casler, M. D., & Duncan, R. R. (2003). Creeping bentgrass (Agrostis stolonifera
L.). Turfgrass biology, genetics, and breeding. John Wiley & Sons, Hoboken, NJ, 175-185.
Wong, S. C., Cowan, I. R., & Farquhar, G. D. (1979). Stomatal conductance correlates with
photosynthetic capacity. Nature, 282(5737), 424-426.
Xiong, L., Lee, H., Ishitani, M., & Zhu, J. K. (2002). Regulation of osmotic stress-responsive
gene expression by thelos6/aba1 locus in arabidopsis. Journal of Biological Chemistry,

55

277(10), 8588-8596.
Xu, Q., & Huang, B. (2000). Growth and physiological responses of creeping bentgrass to
changes in air and soil temperatures. Crop Science, 40(5), 1363-1368.
Liu, Y., Ding, Y. F., Wang, Q. S., Li, G. H., Jun-Xu, X. U., Zheng-Hui, L. I. U., & Shao-Hua, W.
A. N. G. (2011). Effect of plant growth regulators on growth of rice tiller bud and changes
of endogenous hormones. Acta Agronomica Sinica, 37(4), 670-676.
Ye, Z. P., & Zhao, Z. H. (2009). Effects of shading on the photosynthesis and chlorophyll
content of Bidens pilosa. Chinese Journal of Ecology, 28(01), 19.
Zhao, X., Yang, H., Liu, R., Chen, T., Feng, B., Zhang, C. & Tao, L. (2016). Responses of heat
dissipation in rice to stress. Chinese Journal of Rice Science, 30(4), 431-440.
Ma, X. L. & Liang, Z. X. (1997). Studies on the effects of endogeneous hormones in winter
wheat tillers during the course of senesence. Zuo wu xue bao, 23(2), 200-207.
Wu, Z. T. (1991). Relationship between superoxide radical and destruction of chlorophyll during
leaf senescence of wheat. Plant Physiology Communications (China).
Zhu, J. K. (2016). Abiotic stress signaling and responses in plants. Cell, 167(2), 313-324.
Zhu, S. Q., Chen, M. W., Ji, B. H., Jiao, D. M., & Liang, J. S. (2011). Roles of xanthophylls
and exogenous ABA in protection against NaCl-induced photodamage in rice (Oryza
sativa L) and cabbage (Brassica campestris). Journal of experimental botany, 62(13),
4617-4625.
Zulfugarov, I. S., Tovuu, A., Eu, Y. J., Dogsom, B., Poudyal, R. S., Nath, K., Hall, M.,
Banerjee, M., Yoon, U. C., Moon, Y. H., An, G., Jansson, S., & Lee, C. H. (2014).
Production of superoxide from Photosystem II in a rice (Oryza sativa L.) mutant lacking
PsbS. BMC plant biology, 14, 242.

56

